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Abstract

In this thesis, a portable-based cardiac monitoring system is discussed, which helps to
keep a check on the corresponding patient vitals. This work describes the design and
development of a Bluetooth system, incorporating a piezoelectric sensor-sheet. The
demonstrated prototype avoids the need for collecting the signals with wires. When
the Bluetooth-connected piezoelectric sensor is attached to the human chest, the
cardiac mechanical activity will induce a local strain in the active piezoelectric
materials layer. This strain is converted to an electrical output voltage which is then
collected and transmitted through the Bluetooth system. Piezoelectric theory and
signal processing methods are used to extract the cardiac parameters from the output
voltage signal. These parameters have been validated using the conventional cardiac
cycle based meters. This wireless cardiac monitoring system can find a wide range of
applications due to its compactness, light weight, and reliability.
Keywords: Cardiac Monitoring, Bluetooth System, Piezoelectric, Portable System,
Signal Processing.

vii

)Title and Abstract (in Arabic

نظام محمول لمراقبة القلب باستخدام مبدأ الكهروضغطية
الملخص

اكتسب نظام الرصد الصحي المحمول والكمبيوتر أهمية كبيرة على مدى العقد الماضي
بسبب الفحص المستمر والسهل على صحة الفرد .ان قياس الموشرات الحيوية امتعلقة بدورة
القلب ،أمر بالغ األهمية مما يساعد في الكشف عن أمراض القلب والسيطرة عليها .عدة دراسات
مختلفة تم القيام بها لمناقشة هذا الموضوع لتوفير و ابتكار طرق وأجهزة متميزة لرصد صحة
البالغين والرضع على حد سواء .في هذه الرسالة ،يتم مناقشة نظام مراقبة القلب المحمول مصمم
و مطور باستخدام نظام بليتوث و مبدا االستشعار الكهرضغطي .هذا الجهاز يستخدم لمراقبة القلب
السلكيا و بسبب النشاط الميكانيكي للقلب يتم تحفيز المواد كهرضغطية و تنشيطها النتاج اشارة
كهربائية .يتم استخراج المواشرات الحيوية مثل معدل ضربات القلب باستخدام طرق معالجة
اإلشارات الكهربائية .واخيرا يمكن استخدام هذا النظام في عدة مجاالت من التطبيقات.
مفاهيم البحث الرئيسية :رقابة القلب ،نظام البلوتوث ،بيزو الكتريك ،نظام ناقل ،عمليه اإلشارة.
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Chapter 1: Introduction
1.1 Motivation
Healthcare technology has a great impact in the world because of the needs of
the aging population and the improvements in biomedical technologies. Medical
technology includes a vast range of healthcare products and can be used to detect
various types of diseases. These technologies are helpful for improving the quality of
healthcare. According to a World Health Organization report, cardiovascular diseases
are the major cause of death rate worldwide. The monitoring and early detection of
abnormalities or variations in cardiac cycle functionalities will reduce the death rate
dramatically. Monitoring the dynamics of the heart and its immediate surroundings is
important for the characterization and understand of heart function [1-7]. Beyond the
reported techniques, a portable, compatible and compact contactless probing system
with the ability to measure a wide range of cardiac cycle parameters is highly desired.
Therefore, with the aim to improve healthcare, a mobile-based cardiac
monitoring system has been designed. In this study, the design and implementation of
a functional portable cardiac cycle monitor that combines piezoelectric materials and
Bluetooth technology is reported. The portable system is capable of transmitting the
corresponding output voltage signal from a piezoelectric sensor over a long distance.
Extracting the heart signal from a piezoelectric sensor is a novel method that has not
been implemented completely in previous studies; using this method, complete data
can be obtained and sent over a long distance via internet. This portable system has
been used to analyze the basic heartbeat information of individuals of various age
groups, genders and body types.

2
1.2 Research Objective
In this thesis, a mobile-based cardiac monitoring system that monitors the vitals
of a patient is discussed. This work describes the design and development of a
Bluetooth system that utilizes a piezoelectric sensor sheet, which contributes to a
wireless cardiac monitoring device and avoids the need for collecting signals with
wires. When the Bluetooth-connected piezoelectric sensor is attached to a human
chest, the cardiac mechanical activity will induce a local strain in the active
piezoelectric materials. This strain is converted to an electrical output voltage, which
is then collected and transmitted through the Bluetooth system. Piezoelectric theory
and signal processing methods are used to extract the cardiac parameters from the
collected voltage signals. These parameters have been validated using conventional
cardiac-cycle-based meters. This wireless cardiac monitoring system can find a wide
range of applications due to its compactness, light weight, and reliability such as
flexible electronic skin patch and smart watches.
This thesis focuses on the use of the piezoelectric sheet to monitor the cardiac
parameters. In addition, the map of the piezoelectric sensor output is helpful for this
purpose, which motivates the use of piezoelectric sensors. The contractions and
expansions of the heart muscle induce a strain on the piezoelectric sheet, which is
designed to produce an appropriate voltage signal. The piezoelectric-produced output
voltage reflects the cardiac cycle because of the nature of the involved piezoelectric
materials and the cyclical nature of the mechanical contraction and expansion actions
of the heart. In this thesis, signal processing techniques will be used to model chest
functionality to demonstrate the application of the techniques in the extraction of the
heart-produced pressure signal.

3
1.3 Thesis Significance
In the United Arab Emirates (UAE), health care services are increasing due to
the aging population, which is estimated to reach over 15% of the population by 2020.
Common diseases, such as obesity, diabetes, and cardiovascular diseases, are observed
in UAE and in all over the word [8]. Hence, the early diagnosis of diseases is a wellknown critical step in disease prevention, treatment, and management and can even
lead to a cure of the disease. Cardiac tests are routinely used for screening and
diagnostic purposes and provide indications that the heart may not be functioning well.
Cardiac disease could be related to the heart muscle itself or the heart valves.
In this work, an appropriate physical contactless probing system is presented
to monitor human cardiac functionality. The shape and variations of the measured
output voltage signal were correlated with the mechanical movements of the heart
muscle. Piezoelectrical conformal mapping allows the proposed technique to acquire
useful signals such as the typical cardiac signal and time-domain chest responses. This
enables the extraction of various cardiac cycle features. The development of such a
reliable platform can assist in the prediction of cardiac problems.
1.4 Thesis Organization
Chapter 2 (Literature Review): This chapter reviews the previous research
related to the topic of the thesis, discusses the various techniques used to determine
cell concentrations, and presents the theory of the characterization technique proposed
in this work.
Chapter 3 (Piezoelectric Theory and Cardiac Cycle Parameters): This chapter
demonstrates the materials and tools used, as well as the methodology and
experimental procedures conducted to perform the desired measurements and analysis.
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Chapter 4 (Results and Discussion): This chapter reports the results gained
from performing the experiments, describes the processing and analysis of data, and
discusses the results and validation of the proposed mechanism using a different
technique.
Chapter 5 (Conclusions and Future Work): This chapter summarizes the
research findings and relates them to the objectives presented in the first chapter.
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Chapter 2: Literature Background

Faster and more efficient disease diagnosis has become increasingly important
for combating the onslaught of new diseases. Numerous medical techniques have been
employed to study cardiac function and better understand the heart and its
environment. The objective is to study the features of the cardiac cycle and cardiac
function from acquired signals to enable a more efficient safeguarding of cardiac
health by promoting the early diagnosis of diseases and abnormalities by identifying
markers for early disease and the response to therapy.

2.1 Selected Piezoelectric-Based Cardiac Methods and Systems
Research design and thesis methodology dictate what you need to answer your
research questions. Descriptive designs are typically used as preliminary studies to
describe particular phenomena about which there has been little research and generally
have rather basic statistical procedures. Descriptive studies lack randomization and
control and cannot be used to determine causation and other implications.
The main methodology used for cardiac health analysis involves capturing and
analyzing various cardiac signals and parameters. The major cardiac health analysis
methods used for this purpose include electrocardiography (ECG), which is a
noninvasive procedure for recording the electrical activity of the heart using electrodes
placed on the skin of the chest, photoplethysmography (a simple and low-cost optical
technique that can be used to detect blood volume changes in the microvascular bed
of tissue) (PPG), phonocardiography (a plot of high-fidelity recording of the sounds
and murmurs made by the heart with the help of the machine called the
phonocardiograph) (PCG), impedance cardiography (a noninvasive technology
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measuring total electrical conductivity of the thorax and its changes in time to process
continuously a number of cardio dynamic parameters) (ICG) and echocardiography,
among others. There are a multitude of signal processing techniques used to process
data obtained from the aforementioned methods. For example, data obtained from a
typical ECG are processed using techniques such as cross-correlation analysis [9],
wavelet-based transformation analysis [10], principal component analysis (PCA) [11],
and artificial neural networks [12].
In addition to the aforementioned methods, piezoelectric sensors are widely
used to receive biological signals such as with ballistocardiography (BCG). BCG is a
technique used to measure small movements of the body by ballistic forces (efficacy
and impact) using cardiac contraction and excitation and by accelerating the flow of
blood through large vessels involved in overall systemic circulation. These movements
can be measured by force sensors or accelerometers [13]. Several studies in the
literature have used piezoelectric sensors; a brief literary review follows. Film-type
transducer

materials,

including

polyvinylidene

fluoride

(PVDF)

and

electromechanical film (EMFi), were used to measure heart rate and respiration rate at
the resting chest wall [13].
Alametsä et al. [14], Inan et al. [15] and Alivar et al. [16] developed a system
for measuring the BCG of a patient in a sitting position in a normal chair using EMFi
sensors. Lee et al. [17] proposed a noninvasive method for measuring respiration and
heartbeat information during sleep that utilizes a flexible aluminum nitride (AIN)
piezoelectric film sensor for signal acquisition. To separate the signals, an algorithm
based on empirical mode decomposition (EMD) was used. Another study was
undertaken by Mukhopadhyay [18] to evaluate the potential of using EMFi sensors
and automatic signal processing methods to monitor heart activity. He showed that
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EMFi sheet sensors have potential uses in ballistocardiographic studies for monitoring
changes in cardiac function, measuring vein elasticity, detecting heart-related
problems and studying respiration-related phenomena. Furthermore, James [19]
developed a noninvasive, biotelemetric heart rate monitoring system to study heart rate
variability using piezoelectric transducers placed on the human chest; their system was
based on identification of heart sounds, particularly Zhang et al. [20] estimated
heartbeat intervals by integrating an Emfit foil pressure sensor and a mattress and
applying the cepstrum method to the BCG signal for signal processing. Similarly,
Alametsä and Viik [21] presented a monitoring system for the noninvasive
measurement of vital signs, such as respiration and cardiac activity, in human subjects
by obtaining BCG signals using EMFi sensors attached to an office chair. Digital
filtering, which is based on a stationary wavelet transform, and signal decomposition,
which is based on a discrete wavelet transform, were employed to extract the two
parameters. Teboul et al. [22] determined peripheral arterial pulse wave velocity using
two piezoelectric sensors placed on the wrist and above the elbow to detect the pulse
pressure.
They used signal processing techniques such as filtering and cross-correlation
processes. Mydeen et al. [23] proposed a wearable monitoring system to monitor
several vital signals and physiological variables and determine cardiopulmonary
activity during emergencies. Only one piezoelectric transducer element, which worked
in two modalities (i.e., either at a low frequency to acquire signals, such as respiratory
activity and heart rate, or at a high frequency to detect signals, such as heart wall
movements), was used. A multimodal broadband piezoelectric transducer based on
PVDF was wrapped around the chest using a belt, and signal processing was applied
to attain their objective. In addition, Ivri et al. [24] compared two time-based
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respiratory rate recognition algorithms using three different physiological signals
including ECG, PPG and a piezoelectric pulse transducer (PZO). The articles listed
above discussed piezoelectric sensors and signal processing algorithms for heart health
and function analysis.
There are several issues with the abovementioned methods of cardiac health
monitoring. For instance, the subject’s chest must be shaved and electrodes are
required for an ECG. However, the presented technique is contact-free and does not
require any preparatory measures, such as shaving or applying gel, which makes the
technique faster and simpler than the previously described technique. No special
equipment is required, such as an ECG machine for ECG, a pulse oximeter for PPG, a
phonocardiograph for PCG, or sensors, an ICG measurement monitor, a cuff, a cable
and an echocardiography system [25]. Instead, common laboratory equipment, such as
an oscilloscope and a computer, comprise the experimental setup, which considerably
reduces cost and makes the setup portable. The presented method also has some
advantages over BCG, which requires special mattresses and chairs with piezoelectric
sensors for experimentation.
The cardiac signal acquisition and analysis technique presented here is an
extremely simple, cost-effective, portable, and quick technique that does not require
specialized personnel for operation. The piezoelectric sensors can be used vary in
number from one sensor to as many sensors as needed which allows various temporal
signals over the chest to be recorded. Using a multiple-sensor also provides an
increased granularity over the chest. There are very few studies dedicated to the use of
piezoelectric sensing solely for cardiac monitoring and analysis.
Furthermore, mobile- and computer-based health monitoring systems (HMSs)
have gained substantial importance over the last decade due to their continuous and
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easy evaluation of an individual’s health. The prognostication of the cardiac cycle,
according to changes in the rate and other vital parameters, is crucial for detecting and
controlling cardiac diseases. Various studies have been performed to develop distinct
methods and devices for the health monitoring of adults and infants. In early studies,
Siivola [26] measured respiration, cardiac signals, and movement using a piezoelectric
PVDF polymer and showed that a PVDF polymer has high efficiency for changing
mechanical impulses into electrical signals. By developing this technology, DeGroff
et al. [27] used an electronic stethoscope to record the heart sounds of 69 patients (37
with pathologies and 32 with innocent heart murmurs). Sound samples were processed
using digital signal analysis and fed into a custom processor to measure the potential
of the piezoelectric (PZT) sensor for cardiorespiratory monitoring in the neonatal
intensive care unit (NICU). In the early development of piezoelectric devices, Roundy
and Wright [28] focused on a piezoelectric vibration-to-electricity converter, but they
did not consider associated power electronics. However, Platt et al. [29] demonstrated
the feasibility of using piezoelectric ceramics to generate in vivo electrical energy for
orthopedic implants.
Scherr et al. [30] evaluated an acceptable, feasible and reliable telemonitoring
system for patients with CHF or hypertension. Fairhurst and Sheikh [31] investigated
the effectiveness of texting appointment reminders to patients who persistently failed
to attend appointments. Based on the application of HMS, some studies have
demonstrated the function of surveillance systems in unusual conditions; for instance,
Weidenhaupt et al. [32]. Tested the potential of using a microwave transponder
transducer as a tool for detecting the respiration and heart rate of people buried in the
snow. Moreover, Suzuki et al. [33] developed a novel contactless monitoring system
to measure the vital signs of injured people inside a moving ambulance. This system
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was designed to isolate patients from infections due to risky biochemical conditions.
As technology and telecommunications advances, the next generation of cardiaccycle-based systems will enable wireless and continuous monitoring [34].
Generally, wireless health monitoring systems are expected to reduce heart
diseases and offer great control of cardiovascular system functionality by providing
early detection of heart abnormalities [34-36]. With the growing rate of smartphone
usage in society, valuable data could potentially be monitored and analyzed with these
devices. This technique could lower the patient's prehospitalization events [36, 37].
With this new procedure, the distance between the patient and the doctor would be
eliminated [38, 39]. Tobia et al. [40] designed wearable anesthetic systems for
monitoring patient health. This technology has garnered much attention in the
scientiﬁc community and in the industry over the last few years.
In another study of HMS in infants, Whitesides et al. [41] Fitted a piezoelectric
sensor with a towel underneath the infant to detect an organic heartbeat signal, which
was used to calculate the heart rate (HR) and respiration rate (BR).
In another investigation, Banaee et al. [42] provided a review of wearable
sensor data; in their study, they investigated many aspects, such as the monitoring of
health and vital signs. From a different perspective, Chen et al. [43] showed that a
heartbeat has been made using a single piezoelectric PMN-PT; this device generates
enough current and voltage to simulate a heartbeat without a peripheral power source.
Amin et al. [44] introduced a system that transformed cardiac electrical activity and
data via mobile Bluetooth. In another study, Taradeh et al. [45] investigated the signals
produced from mechanical actions to piezoelectric sensor output.
New technological developments in miniature bio sensing devices, smart
textiles, microelectronics, and wireless networks will potentially transform the future

11
of healthcare by enabling proactive personal health management and the overall
monitoring of an individual’s health. Furthermore, Escrivá et al. [46] designed and
validated a computer program that can detect artifacts in impedance cardiography
signals (ICGs) and includes a method of generating the pattern of an ordinary cycle of
ICG tracking and the ability to categorize each heart evolution as valid or an artifact,
which suggests the shape of the ICG signal pattern.
Portable cardiac system parameters could be used to monitor a patient’s heart
function and provide real-time monitoring and data analysis [1, 47, 48]. Patients can
regularly monitor their health using these portable devices, and medical staff can
analyze the collected information remotely [2, 49]. Challa et al. [50] considered an
Android application that can be used to view patient vitals. With this application, the
changes in the vital signs appeared as a notification on the doctor's mobile phone from
the hospital server.
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Chapter 3: Piezoelectric Theory and Cardiac Cycle Parameters
3.1 Piezoelectric Theory
The main motivation behind the use of piezoelectrics is their capability to
conformally map the acting mechanical load. In addition, due to the nature of the
piezoelectric materials involved and the fact that mechanical contraction and
expansion activities have a cyclic nature, the output voltage of the piezoelectric
production of this cycle of the heart will be shown. When a piezoelectric plate located
on the chest surface detects a mechanical load produced by the contraction and
expansion of the heart muscle, the pressure produced in the piezoelectric material
produces a voltage. This conversion of energy from mechanical activity to electricity
is detected by a transformer with a special rotational ratio [51]. Piezoelectric beam
transducer modeling using an electric circuit based on an electromechanical pattern is
shown in Figure 1, in which 𝜎𝐻 indicates the stress-induced model of the heart muscle,
Rb indicates the mechanical restraint model, Lm are the mass model converters, and
Ck are the inverse of hardness; as with purely electrical circuits, governing equations
are determined using Kirchhoff’s voltage law [52]:
𝜎𝐻 = 𝐿𝑚 𝑆̈ + 𝑅𝑏 𝑆̇ + 𝑆⁄𝐶𝑘 + 𝑛𝑉

(1)

Where 𝑆, 𝑆̇ and 𝑆̈ are the induced strain and its first and second time
derivatives, respectively, 𝑉 is the generated output voltage, and 𝑛 is the transformer
ratio that represents the mechanical-to-electrical conversion process. The derivations
of the circuit elements 𝐿𝑚 , 𝑅𝑏 , 𝐶𝑘 , 𝑛 and 𝐶𝑏 have been presented in [53].
The mechanical resonance frequency of the piezoelectric sheet must be
identical to the heart beat rate frequency to result in purely resistive transducer
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behavior. At a resonance frequency, the behavior of the inductive and capacitive
elements cancel each other; therefore, the mesh voltage relationship on the primary
side of the network is purely resistive and equation (1) reduces to:
𝜎𝐻 = 𝑅𝑏 𝑆̇ + 𝑛𝑉

(2)

Moreover, the strain voltage dependency is expressed as [54]:
𝜀

𝑆̇ = 𝑐

𝑝 𝑡𝑐 𝑑31

𝑉̇

(3)

Where 𝜀, 𝑐𝑝 , 𝑡𝑐 and 𝑑31 are the material dielectric constant, elasticity
coefficient, thickness and piezoelectric voltage constant, respectively, and 𝑉̇ is the first
time derivative of the generated output voltage. Therefore, the induced stress inside
the piezoelectric material due to the mechanical action of the heart is expressed as:
𝜎𝐻 = 𝑐

𝜀𝑅𝑏

𝑝 𝑡𝑐 𝑑31

𝑉̇ + 𝑛𝑉

(4)

Therefore, the applied stress on the piezoelectric converter is calculated using
equation (4) by knowing the dimensions and parameters of the component of the
converter with the corresponding output voltage and the initial derivation of the
corresponding time.
A general map of the proposed system with the experimental setting is shown
in Figure 1 (a). The piezoelectric sheet sensor (Figure 1(b)) is located at the
anterolateral chest. Its output terminals are connected to a digital oscilloscope to detect
the output signal. Figure 1(c) shows the corresponding heart signal at different stages:
h(t) is the typical time signal of the heart, c(t) is the response time of the human chest,
with p(t) representing the time domain of the sensor input, and V(t) is the output signal
of the time domain of the PZT converter.
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Figure 1: Illustration and definitions of the combined technique signals.
(a) system overview, (b) piezoelectric sheet sensor and (c) illustration of the signal
definition at different locations.
The induced stress in the piezoelectric sensors on the mechanical side is related
to the output voltage produced in the sensors on the electrical side through the
transformer. This induced stress is correlated with the real heart muscle mechanical
action, which is conformably mapped with the corresponding output voltage signal.
The equivalent turns ratio for the transformer in Figure 2 is given by (5), where cp, tc
and d31 are the elastic constant of the piezoelectric material, the piezoelectric beam
thickness and the piezoelectric voltage constant, respectively.

𝑛=

−𝑑31 𝑐𝑝
𝑡𝑐

(5)
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The relationship between the stress acting on the piezoelectric transducers,
represented by p(t), and the output voltage signal, V(t), is given by (6), where n is the
piezoelectric turns ratio representing the mechanical-to-electrical conversion process
of the transducer [55]:
p(t) = n ∗ V(t)

(6)

3.2 Cardiac Cycle Features
The typical generated cardiac cycle, as shown in Figure 2, is the complete
heartbeat cycle from its generation to the beginning of the next beat, including the
diastole, the systole and the intervening pause [56]. The cardiac cycle frequency is
typically expressed in beats per minute and, on average, is 75 per minute. Each beat of
the heart involves five major stages, as depicted in Figure 2. The cardiac muscle is
composed of myocytes that initiate their own contraction without the help of external
nerves, which typically takes 0.8 seconds [57]. Moreover, during the cardiac cycle,
blood pressure increases and decreases according to the heart mechanical action status.
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Figure 2: Cardiac developed mechanical along with its features.
The diastolic and systolic intervals and time constants are defined with representative
equations (5)-(12) based on the static and dynamics of the heart mechanical model.
The time intervals denoted by t1 to t6 represent the dynamic regions elucidated by
cardiac theory. AVO, PA, PAD, PAD0, P0, PAS, and AST are effective parameters
used for cardiac characterization.

As depicted in Figure 2, the cardiac cycle phases are denoted by P1 to P6 as
follows: P1 is the atrial diastole phase, P2 is the isovolumic contraction phase, P3 is
the ejection phase, P4 is the relaxation phase, P5 is a rapid blood flow phase, and P6
is the early atrial diastole phase. The two main phases of the cardiac cycle are the
systolic signal and the diastolic signal. The systolic signal is caused by the polarization
mechanism of heart muscles, which causes an active contraction and mechanical stress
as a result of the aortic valve opening (AVO) [58]. The diastolic signal is caused by
the depolarization process that causes a relaxation of heart LV muscles with aortic
valve closing (AVC).
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Figure 3: Schematic representation for the model of the left ventricular (LV) wall.
𝜎𝐴 is the depolarization pulses based resultant stress of the left cardiac ventricular
fibers with negative protraction (contracting stress) and, 𝜎𝑝 is the passive elastic
stress generated from polarization pulse of the left ventricular (relaxation stress) with
positive protraction. 𝜎𝑠 is the stress affecting the ventricular from the surrounding
organs and chest.

To conduct mechanical activity in the heart, a mathematical model in a
longitudinal wave is presented in a study by Oreskovic et al. [59]. The two elements
parallel to the model of the left ventricular wall are shown below. As shown in Figure
3, the stress of the entire wall is in equilibrium with the external stress (σs). Inactive
elastic wall stress is modeled as a spring of length L that is equal to the current length
of the wall. Here, we use Remme’s mechanical model with a slight refinement to
provide a simple and fast analytical model that shows the waveform of the heart.
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Chapter 4: Result and Discussion
4.1 Portable Prototype: Design and Implementation
The details of the realized portable system are shown in Figure 4. The system
has been implemented with a PCB. The integrated system is composed of two main
components; the piezoelectric transducer and the Adafruit Bluetooth-based
transmitter. A lithium battery is used to provide the required DC bias of the Adafruit
transmitter, as shown in Figure 4(a). The transmitter is assembled on the PCB on one
side, as depicted in Figure 4(b). The Adafruit transmitter includes an Atmega328p chip
attached to an Adafruit Bluetooth transmitter unit, which can be programmed by
Arduino software after storing the heart signal in memory, and a low-energy Bluetooth
sensor for sending stored data wirelessly to a laptop. Metallization pads (1) and (2) are
placed on the other side of the PCB (see Figure 4(c)). Piezoelectric traducer electrodes
(1) and (2) are soldered to metallization pads (1) and (2), respectively. The complete
prototype is shown in Figure 4(e).
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Figure 4: Functional prototype; fetching and wireless sending heart signal device.
a) Lithium battery; b) Adafruit transmitter; c) PCB board; d) Sensor and e) complete
prototype.
Figures 5(a) and (b) manifests the design of the employed piezoelectric
bimorph transducer and its cross-sectional area. The material has a d31 of 315 pm/V.
The transducer size is 46 × 20 × 0.26 mm and is composed of lead zirconate titanate
(PZT). In particular, the converter was made with the ceramic M1100, which is a
bimorph piezoelectric beam custom fabrication [60].
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Figure 5: Piezoelectric transducer: (a) photo of the used transducer and (b) its crosssection

The piezoelectric transducer consists of two layers, i.e., active and passive
PZE. As shown in Figure 5(b), the lower layer is PZE passive and is required for
isolation to prevent the electrode from contacting the chest surface. The top layer is
active PZE, which is used to change the heart activity of the electrical output signal.
This output was taken between electrode 1 and 2, which is shown in Figure 5(a).
4.2 Piezoelectric Sensor Electrical Characterization
Figure 6 shows the impedance and phase values as a function of frequency. A
fixed AC voltage of varying frequencies was supplied to the piezoelectric sensor to
perform a frequency sweep from 1 Hz to 100 kHz. The results, as shown in black,
show a decreasing linear graph with a negative gradient and a corresponding linear
drop in the impedance magnitude from 1 Mohm to 10 Mohms. This plot is in
accordance with theory because on the one hand, a capacitor behaves like an open
circuit in DC or at low frequencies (and therefore its impedance should be high); on
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the other hand, it behaves like a short circuit in AC or at high frequencies (and its
impedance should thus be low).

Figure 6: Impedance magnitude (black) and phase (red) plotted as a function of
frequency

The heart-induced pressure signal obtained using this sensor has a low
bandwidth, from approximately 800 mHz to 3 Hz. The impedance magnitude in this
region is clearly linear; hence, the sensors are operational for our purpose. The phase
is also plotted on the same graph (in red). This plot again agrees with capacitor theory.
In a capacitor, current leads voltage by a phase difference of approximately 90 degrees.
Thus, capacitors are said to have a negative phase shift of -90 degrees. The red plot
shows a straight, horizontal line corresponding to -90 degrees on the right-side vertical
axis. This behavior is observed over all frequencies ranging from 1 Hz to 100 kHz, as
expected.
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Table 1: Parameters of the piezoelectric material used in the sensor [60]

Material
property

Value

cp

62 GN/m2

csh

66 GN/m2

W

20 mm



1800

tc

0.26 mm

tsh

0.26 mm

le

46 mm

M

0.5894 grams



0.02

k31

0.32

4.3 Measurements and Analysis
To collect the cardiac signal, the bottom surface of the piezoelectric transducer,
shown in Figure 7(b), is placed on the anterior chest surface. The data acquisition
system is illustrated in Figure 7 along with the measured output voltage signal. A
schematic of the human chest and the portable prototype of our study is illustrated in
Figure 7(a) and Figure 7(b), respectively.
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Figure 7: Measured piezoelectric signal: (a) Schematic of the human chest, (b)
functional prototype, (c) laptop and (d) measured output voltage, (e) cardiac cycle
window.

The laptop shown in Figure 7(c) is used to receive the transmitted signal, where
the measured signal is collected using MATLAB programming, processed and plotted
in Figure 7(d). Piezoelectric materials have an inherent property that enables them to
convert mechanical force into electrical energy. This property is advantageous because
when the heart beats, it generates vibration on the chest, and the sensor can generate
electrical signals from the vibration. Then, signal processing is carried out on the
electrical output of the piezoelectric sensor to achieve the results.
The use of a piezoelectric transducer was motivated by the proficiency of the
transducer to conformably map the acting mechanical load to an electrical voltage.
Moreover, due to the nature of the piezoelectric materials used and the fact that the
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mechanical contractions and expansions of the heart are cyclical in nature, the
piezoelectric transducer generates the output voltage that imitates this cardiac cycle.
When the piezoelectric sheet, which is placed over the chest, is subject to a mechanical
load produced by the contractions and expansions of heart muscle, the strain induced
in the piezoelectric material produces a voltage [61].
Figure 7(d) represents the output signal of the portable system. The desired
variation range of each heart cycle ranges from -20 mv to +20 mv. As the figure
illustrates, some of these receiving signals have higher values than this range. This
variation is due to the effect of breathing, as the sensor is attached to the chest. With
heavy breathing, the sensor also captures body movements. Hence, sensor sensitivity
is depicted as fluctuations are recorded. To prevent this disturbance during the pulse
recording, whether inhaling and exhaling, breathing should be reduced as much as
possible so that fluctuations due to breathing minimally effect the recorded signal. This
minimization is performed with a disturbance decoupling controller. The input signal
is processed by software and shown in Figure 7(e). In this figure, two subsequent
cycles in the desired range are observed. Each cycle, in fact, is a result of the expansion
and contraction of the heart. During heart expansion, the diastolic area is observed in
the created cycle and the contraction operation creates a systolic region. On average,
the heart cycle time, which is the required time for a heart to complete expansion and
contraction, is approximately 0.8 seconds in a healthy person.
Figure 7(d) depicts the output voltage signal received by the laptop, with
acquisition performed using MATLAB code. The signal train was trended and filtered
with built-in MATLAB functions to remove the noise induced due to transmission.
The shape of this signal is conformally mapped with the heart physiological activity,
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namely, systolic and diastolic blood pressure and heart beat rate. Blood pressure and
heart beat parameters and ECG signals were previously extracted and estimated by Al
Ahmad et al. [62] and [63], respectively. It was found that the piezoelectric transducers
received the vibrations from the heartbeats and converted them into electrical signals.
In the first study, a noninvasive procedure was developed to extract the heartbeat rate
and blood pressure values from a real-time measured piezoelectric output voltage. In
the second study, a subversive generation and extraction method was determined for
the corresponding ECG signal using a piezoelectric transducer as an alternative for the
ECG.
After the required post processing of input signals, proper cycles are derived.
As seen in Figure 8(a), the period of cycles is almost 0.8 seconds and from -20 to 20
mV, which shows that the obtained cycles are connected, as all the peaks of the cycles
are aligned very well. With the obtained information about the processed cycles, blood
pressure can be measured. As shown in Figure 8(b), the pulse pressure, which ranges
from 30 to 40 mmHg, has low fluctuations; the reason can be seen in Figure 8(a) and
8(d). The obtained cycles are in good agreement with each other and consequently
result in a stable blood pressure measurement. Figure 8(c) represents the period of each
cycle.
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Figure 8: Extracted cardiac parameters per cycle: (a) Superimposed cycles, (b)
extracted pulse pressure per cycle, (c) heart beat period per cycle (d) cycles crosscorrelation.

As observed, almost all cycles have the same period of approximately 0.75
seconds, which is close to the real heart measurement. In Figure 8(d), the convergence
of the cycles is comparable. As the calculated cross-correlation increases to 1, the
convergence of the cycles increases and stabilizes the heartbeats. However, as the
obtained cross-correlation decreases to less than 1, the processed cycles are less
matched and consequently, the probability of an unstable heart rate is greater.
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4.4 Heartbeat Rate Determinations
For real-time measured heart rate counters, the compression ratio (Ø) must first
be defined. Due to the delay caused by the physical conversion mechanism, this ratio
for a period of measurement (TC) over the normal heart cycle (𝑇𝑇 ) is given by
Ø=𝑇𝐶 /𝑇𝑇 , where TT is typically 0.8 seconds, which is matched according to age and
gender. Therefore, heart rate (ζ) per minute is such that the number of positive peaks
(NP) counted in some time measurement (TW) is experimentally related to other
parameters with the following expression:
𝜁=(

𝑇𝑊
Ø

60

) × 𝑁 𝑃 × (𝑇 )
𝑊

(7)

According to the equation (7), the measured time window is normalized
according to the compression ratio and the heart rate setting per minute (60 / TW).
Regarding equation (7), the corresponding rate of the signal depicted in Figure 7(a) is
found to be of 88 beats per min for the waveform.
In addition, all measurements were taken while the subjects held their breath;
thus, the effect of the cycle of inflammation is undeniable and can be eliminated. This
finding represents that a contactless probe is in good agreement with the usual
techniques. This proposed piezoelectric extraction differentiation method can extract
most heart parameters using measurements. Compared to other techniques, the
proposed approach provides a mechanism for wireless diagnosis and the anticipation
of heart failure. The proposed method introduces the possibility of the extraction of
cardiac indices with the ability to accurately read the extracted parameters during
processing and decrease the effort required. The results showed that this technique
using piezoelectric sensors can be used to evaluate heart rate quality, the mechanical
pressure and its rate, and blood pressure, specifically as changes occur over time. In
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addition, sensors are easy to handle, cause minimal discomfort to the patient and
minimally impact the clinics.
Table 2: Extracted heartbeat of all individuals
Person Gender Weight Age
1
2
3
4
5
6

This
method

Female

55

26

74

Female

40

28

83

Female

51

29

65

Female

50

33

70

Female

58

27

79

Male

53

25

60

Conventional
Meter
66
75
75
66
80
66

Error
(%)
10
9
15
5
1
10

Furthermore, the fabricated prototype has been used to collect signals from
people of various genders, weights, and ages. The extracted parameters of each
category are listed and summarized in Table 2. It summarizes the data collected from
6 individuals and their vital signs, including gender, weight, age, heart beat extracted
using the proposed method and the conventional meters. The readings and the
extracted values using our device and approach are matched within 15% error.
This work is a fundamental attempt to explore the use of a piezoelectric sheet
sensor and signal processing theories for heart activity detection and indicator
extraction. Notably, chest transducer coupling is impacted if the person is sick, as in
the case of pulmonary edema, where the transmission medium is full of fluid in the
chest cavity. Furthermore, this developed system can detect heart failure based on
spatiotemporal measurements that could be used to construct a future heart activity
component in the prediction model.
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Chapter 5: Conclusions and Future Outlook
This section summarizes the main outcomes and provides a future outlook of
this thesis.
5.1 Conclusions
Early detection or changes in the functioning of the heart cycle are very
practical and can have a significant effect on the prevention of heart disease.
An electrocardiogram (ECG) is efficient in monitoring and detecting heart
muscle activity abnormalities; nevertheless, it not only requires the placement of
multiple probes on the subject to obtain reliable measurements but also involves the
use of expensive, bulky and barely accessible equipment. Furthermore, such
equipment allows the monitoring of cardiac parameters only when the subject is in
close proximity of the dedicated equipment. These issues, along with the increasing
demand for both efficient and effective cardiac cycle monitors, were the driving forces
behind this research. Currently, in medical engineering, there is an increasing need for
devices that can monitor a wide range of heart cycle parameters effectively on a realtime basis using probes that are easy and accessible.
The main objective of this research was to develop a portable cardiac cycle
monitor. In this project, a mobile-based cardiac monitoring system will be further
optimized and manufactured. This work described the design and development of a
Bluetooth system that incorporates a piezoelectric sensor sheet, which contributes to a
wireless cardiac monitoring device and avoids the need for collecting signals with
wires. When the Bluetooth-connected piezoelectric sensor is attached to the human
chest, the cardiac mechanical activity induces a local strain in the active piezoelectric
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materials. This strain is converted to an electrical output voltage, which is then
collected and transmitted through the Bluetooth system. Piezoelectric theory and
signal processing methods are used to extract the cardiac parameters from the collected
voltage signals. These parameters have been validated using conventional cardiaccycle-based meters. This wireless cardiac monitoring system can find a wide range of
applications due to its compactness, light weight, and reliability.
5.2 Future Work
Multiple piezoelectric sensors can be used to form a piezoelectric sensing array
that can be placed on the anterior human chest surface to acquire localized, temporal
voltage signals that show regular cardiac motion. Contractions and expansions of the
heart muscles could be represented as a sign of a mechanical load that produces an
induced strain on the piezoelectric sensor array placed on the chest, which causes the
piezoelectric material to generate an appropriate voltage signal that is designed with
the heart’s physical mechanism (i.e., the systolic and diastolic actions at various chest
locations). This expanding technique is expected to enhance accuracy and to provide
a better picture of cardiac functionality. In addition, with the use of signal array
processing techniques, a considerable amount of information can be made available to
increase understanding and model the heartbeat cycle and the intervening human chest
environment. Therefore, acquired biological information can be useful in detecting
cardiac and/or chest problems, thus furthering disease diagnosis.
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